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Influence of shaking on peritoneal transfer in rats. To determine the
role played by stagnant peritoneal fluid layers in the diffusion of solutes
between peritoneal cavity and blood, we measured peritoneal transfer
of urea, creatinine, ['4C]-L-glucose and protein in anesthetized rats
shaken at varying rates on an orbital platform shaker. The diffusion
transfer rates of the low molecular weight solutes increased dramati-
cally with shaking, with near maximal values obtained at a shaking rate
of 250 RPM. The permeability area product (PA) for each of the low
molecular weight solutes increased about fourfold with rapid shaking
while the PA of protein increased by only about 50%. It seems likely
that shaking increased PA primarily via reduction of the thickness of
stagnant peritoneal fluid layers, although increases in surface area or
changes in tissue permeability cannot be excluded with certainty. We
conclude that stagnant fluid layers probably are the rate limiting step in
diffusive peritoneal transfer of low molecular weight solutes in station-
ary rats.
Transfer of low molecular weight solutes during peritoneal
dialysis is appreciably slower than during hemodialysis. As a
result, peritoneal dialysis must be carried out for much longer
periods, often continuously, to achieve solute removal compa-
rable to that of intermittent hemodialysis.
Peritoneal tissue contains a series of components which
might act as barriers to the transfer of solute [1] and a number
of investigators have attempted to diminish the resistance of the
tissue barrier via the intravenous or intraperitoneal administra-
tion of drugs [2—9]. While many of these drugs yielded minor (up
to 60%) increases in the rate of solute transfer, none of these
compounds has achieved clinical usage.
In addition to tissue barriers, peritoneal fluid may create a
diffusion barrier to solute transfer. If the fluid adjacent to the
peritoneal membrane is poorly stirred, the resulting stagnant
fluid creates a resistance to the diffusion of solutes between
blood and the bulk of the peritoneal fluid. While the existence of
such a stagnant layer has been recognized, [10, 1] the impor-
tance of this barrier to peritoneal transport has not been
quantitated.
The most direct method of quantitatively assessing the im-
portance of a stagnant layer in peritoneal dialysis would be to
determine the effect of vigorous stirring of peritoneal fluid on
the rate of solute transfer. To this end, we studied the affect of
rapid shaking of rats on the rate of peritoneal transfer. These
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studies demonstrated that shaking produces roughly fourfold
increases in the rate of transfer of low molecular weight solutes
and suggested that diffusion across stagnant peritoneal fluid is
the rate limiting step in diffusion of such compounds.
Methods
Studies were carried out on 250 to 300 g male, Sprague-
Dawley rats anesthetized with pentobarbital. The anesthetized
animals were secured in the supine position to the top of a
standard, laboratory platform shaker (Lab-Line Instruments,
Melrose Park, Illinois, USA) via ligatures attached to the four
extremities. A multiply perforated (0.062" I.D.) catheter was
inserted through a needle into the peritoneal cavity and the
needle was then removed. Several drops of cyanoacrylate ester
("super glue") were used to seal the catheter to the abdominal
wall and prevent leakage of fluid. A stopcock was attached to
the catheter. Approximately 2 ml of blood was obtained by
cardiac puncture and 40 ml of isotonic saline (37°C) was then
rapidly infused into the abdomen over a five second period.
This volume was chosen because it appeared to produce
"comfortable" distension but not tense distension that would
interfere with abdominal or diaphragmatic movements that
could induce mixing of peritoneal fluid. The saline contained
trace quantities of L-[ 1- '4C] glucose and creatinine (10 mgldl).
In some studies, the viscosity of the infusate was increased by
the addition of 0.6 g/dl of guar. Guar was employed as the agent
to increase viscosity since this compound increases viscosity by
"binding" water. This small quantity of guar (0.6 g/100 ml)
produces large changes in macroviscosity. However, microvis-
cosity is negligibly influenced and solutes have similar diffusion
rates in the guar and non-guar containing fluid. In addition guar
does not change osmolality and hence does not influence
ultrafiltration.
The animals were allowed to remain stationary or were
shaken at rates of 100, 200, 250, or 400 RPM as measured by a
strobe light. Only one study was performed on each animal and
five animals were studied at each shaking rate. Approximately
1 ml samples of peritoneal fluid were removed via the catheter
at 15 seconds, and 1, 3, 6, 9, 12, 15 and 20 minutes. At 20
minutes, shaking was discontinued, a second blood sample was
obtained by cardiac puncture, and the animal was sacrificed. In
the above studies, measurements were made of the rate of
transport of creatinine and L-[1-'4C] glucose from the perito-
neal fluid to blood and the rate of transport of endogenous blood
urea to the peritoneal fluid.
For study of protein and water transport the technique was
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modified to avoid the possibility of trace bleeding into the
peritoneal cavity since even small quantities of blood would
appreciably influence measurements of protein transfer. In five
rats, a midline incision through superficial tissue was used to
expose the linea alba. Forty ml's of saline was instilled into the
peritoneal cavity via a 23 gauge needle inserted in the linea alba.
The needle was then removed and the animal remained station-
ary for five minutes, at which time a 1 ml sample of fluid was
removed for analysis via needle puncture in the midline. The
animal was then allowed to remain stationary for an additional
20 minutes or was shaken at 250 RPM for 20 minutes. At the end
of this period, the animal was sacrificed by decapitation. The
abdomen was opened via a midline incision (taking care to
prevent contamination of the peritoneal cavity with blood) and
all peritoneal fluid was rapidly drained into a beaker. The
peritoneal cavity was then blotted dry with pre-weighed gauze
sponges. The total fluid volume remaining in the peritoneal
cavity at the end of the experiment was determined from the
sum of the fluid drained and the increase in weight of the
sponges. Protein transport per 20 minutes was determined from
the increase in protein concentration of the peritoneal fluid
between 5 and 25 minutes and the volume of peritoneal fluid.
The fluid volume at 5 minutes was assumed to equal 40 ml.
Blood and peritoneal fluid were assayed for urea and creati-
nine using an autoanalyzer technique and for ['4C]-glucose by
liquid scintillation counting. Protein content of peritoneal fluid
was measured using the Lowry modification of the Folin
reaction with bovine serum albumin as the standard.
The rate of solute transfer between peritoneal fluid and blood
was calculated as follows. The volume of fluid in the peritoneal
cavity prior to instillation of saline was assumed to be negligi-
ble, and the volume of peritoneal fluid at zero time was
considered to be the instilled volume (40 ml). The volume
remaining in the peritoneal cavity at any given moment was
assumed to equal 40 ml minus the volume previously removed
for analysis. The small volume that was absorbed was consid-
ered negligible.
The quantity of solute transferred per unit gradient between
times T1 and T2 was calculated as follows:
transfer/gradient = [(V1 Cp1) — (V2 Cp2)]/[((Cp1 — Cp2)/2) — Cb,]
where V1 and V2 represent the volumes of peritoneal fluid at
times T1 and T2, Cp1 and Cp2 represent the concentration of
solute in the peritoneal fluid at T, and T2 and C,,, is the
estimated mean blood concentration for the test period. The
peritoneal fluid concentration of a probe for a period was
assumed to be the arithmetic mean of the concentrations
measured at the beginning and end of this period and the blood
concentration (C,,,) for that period was estimated from the blood
concentrations at zero and 20 minutes, assuming that the blood
concentration of the probe changed linearly over the 20-minute
test period. The solutes concentration in blood and peritoneal
fluid never reached complete equilibration. Equilibration was
closest in the 400 RPM studies with urea, and averaged about
80%.
The cumulative solute transfer/gradient for periods 0 to 1, 1 to
3, 3 to 6, 6 to 9, 9 to 12, 12 to 15, and 15 to 20 minutes was then
plotted against time (Fig. 1, 2, and 3). The slope of these plots
has units of mI/mm and represents clearance when there is no
back flux of solute due to the accumulation of probe in
peritoneal fluid (urea) or in blood (L-[l-'4C] glucose or creati-
nine) and has been termed permeability area product (PA) or
mass transfer area coefficient [11]. While we will use the term
PA in this paper, it should be noted that calculation of the true
PA of a barrier requires precise knowledge of the concentration
gradient across the barrier. In the present study this barrier is
modeled as a peritoneal membrane with an overlaying stagnant
layer. The concentrations of solute in systemic blood and bulk
peritoneal fluid were used in the gradient calculation. To the
extent that there is blood flow limitation to uptake or delivery of
solute, the gradient will be less than calculated above, and PA
will be underestimated. Presumably, measurement of bulk
peritoneal fluid solute concentration provides a reasonably
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Fig. 3. Plot of cumulative peritoneal transfer!
20 gradient versus time of L-f1-'4C1 glucose at
varying shaking rates.
accurate measure of solute concentration in the fluid adjacent to
the stagnant layer of the barrier.
Resistance to peritoneal transfer was calculated as follows.
Total resistance (stagnant fluid plus peritoneal tissue) equals
1/PA in the stationary animal. If one assumes that rapid shaking
(400 RPM) eliminates all stagnant layer resistance (and there is
no flow limitation to uptake), peritoneal tissue resistance = "PA
in the shaking animal. Since tissue and stagnant layer resis-
tances are in series, stagnant layer resistance ("pA station-
ary) — (1/PA shaking).
Aqueous diffusion coefficients of glucose and urea were
obtained from the literature [101. The diffusion coefficient of
creatinine was estimated from that of glucose based on the
concept that the diffusion coefficient is proportional to the
inverse of (molecular weight).
Results
Figures 1, 2 and 3 show the plots of cumulative solute
transfer/gradient versus time for stationary rats and rats shaking
at various rates for the non-guar containing infusate. Table 1
lists the slopes of these plots or PA. In stationary rats, PA's
were 0.57, 0.42, 0.34 mllmin for urea, creatinine, and L-[l-'4C1
glucose, respectively. These values were only moderately in-
creased by shaking at 100 RPM, but at 200 RPM, transfer values
for each probe were significantly greater (P < 0.02) than those
observed in stationary animals. Additional increases in PA were
30
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Table 1. Transfer rate/gradient (mi/mm) in stationary and shaking rats
Probe
Shaking rate RPM
0 100 200 250 400
Urea 0.57 0.10 0.77 0.18 1.7 0.30 2.2 0.29 2.2 0.48
Creatinine 0.42 0.03 0.54 0.02 1.2 0.09 1.7 0.14 1.7 0.19
L-[1-'4C}glucose 0.34 0.03 0.44 0.03 1.0 0,08 1.5 0.12 1.4 0.19
Values represent means I SE of studies in 5 animals.
noted when shaking was increased to 250 or 400 RPM, although
only the transfer of ereatinine was significantly greater (<0.05)
at 400 RPM than at 200 RPM. At 400 RPM, the PA of urea,
creatinine, and L-[1-'4C] glucose were about four times greater
than in the stationary animals.
In stationary rats, peritoneal saline was absorbed at the rate
of 4.0 1.2 ml/20 minutes while shaking rats absorbed 4.2 0.4
ml/20 minutes. The transport of protein into the peritoneal
cavity averaged 0.8 + 0.15 mg/mm in stationary rats and 1.2
0.15 mg/mm with shaking at 250 RPM (P < 0.05).
The influence of increased viscosity of peritoneal fluid on
transfer rate was studied in four rats using a guar (0.6 g/dl)
containing dialysis fluid. The viscosity (measured with a Haaks
Buckles Rotoviso RV2) of this solution at a shear rate of 1353
S was 27 mm Pa S. The viscosity of the non-guar containing
solution was 1.2 mm Pa . S. With a shaking rate of 250 RPM's,
the respective PA's of urea, creatinine and L-[l-'4C] glucose
using this more viscous fluid were 1.08 0.21, 0.86 0.08, and
0.66 0.09 mI/mm. Each of these values was significantly
reduced (P < 0.05) to about 1/2 the rate observed in rats shaken
at 250 RPM using the less viscous infusate.
The possibility that the increased PA observed with shaking
resulted from some change in anatomy or physiology that was
not rapidly reversible was tested as follows in four rats. Rats
first were shaken for 20 minutes at 250 RPM's. Immediately
following this period of shaking, 40 ml of the standard dialysate
fluid (no guar) was infused into the peritoneal cavity and
measurements were obtained in the stationary state for 20
minutes as described previously. The PA's of urea, creatinine
and L-[1-14C] glucose, respectively, were 0.73 0.13, 0.39
0.08, and 0.32 0.08 mllmin. None of these values was
significantly different (P > 0.10) from the results obtained in
stationary animals which had not been shaken prior to testing.
Discussion
Transfer of solute between the peritoneal cavity and blood
may occur via diffusion and/or ultrafiltration. Both of these
mechanisms require that the solute cross the following tissue
barriers: capillary endothelial pores, capillary basement mem-
brane, peritoneal interstitial space, and mesothelial intercellular
pores [1]. In the present study, isotonic saline was infused into
the peritoneal cavity and convection was minimal. As a result,
the bulk of transfer was via diffusion.
Diffusive transfer requires that solute traverse an additional
diffusion barrier—poorly mixed fluid adjacent to the peritoneal
surface which has been termed the stagnant or unstirred layer.
While the potential importance of such a layer has been
considered [10, 1], its thickness and hence its importance to the
kinetics of peritoneal dialysis are not known. Unstirred layers
of 150 j.tm have been observed to slow transport across the gall
bladder mucosa [12]. Luminal fluid in the perfused small bowel
of the rat has been reported to have a diffusional resistance
comparable to an unstirred layer of 400 jim to 1000 jim
thickness [13—171. Presumably stirring in the peritoneal cavity is
no better than in the perfused gut and stagnant layers of 500 jim
thickness seem quite possible.
The possibility that such a 500 jim unstirred layer could be
the rate limiting step in peritoneal transport could be excluded,
a priori, if this thickness required an impossibly small surface
area to account for transport. With a 500 jim unstirred layer, the
transport rates of urea, creatinine and L-[l-'4C] glucose ob-
served in our stationary rats would have required a diffusing
surface area of about 40 cm2. While the surface area involved in
peritoneal transfer is not known, 40 cm2 does not appear to be
so small that a putative stagnant layer of 500 jim could be
automatically excluded as a major impediment of diffusive
transport.
A more direct test of the importance of stagnant fluid layers
requires a manipulation that vigorously stirs peritoneal fluid but
has no influence on the permeability of peritoneal tissue. Any
increase in absorption with such a manipulation should reflect a
decrease in the resistance of stagnant peritoneal fluid. To this
end, we studied the influence of shaking on peritoneal transfer.
As shown in Figures 1, 2, and 3 and Table 1, shaking
markedly increased the transfer rate of urea from blood to
peritoneal cavity and creatinine and L-[1-'4C] glucose from
peritoneal cavity to blood. Transfer rate expressed as PA
increased to nearly 400% of control values at a shaking rate of
250 RPM, and only minor additional increases were observed at
400 RPM. This increase in PA is much greater than has been
reported with any other manipulation.
Maher [10] has listed the alterations that, theoretically, could
increase peritoneal solute transfer. Some of these possibilities
can be excluded in the present study. First, shaking did not
increase transfer primarily via enhanced convective flow. The
increase in transfer was roughly equal whether measured as
movement from blood to peritoneal cavity (urea) or peritoneal
cavity to blood (creatinine, L-[l-'4C] glucose). In addition,
increased net fluid absorption did not occur with shaking.
Lastly, even with negligible sieving, convection could have
accounted for only a small fraction of solute transfer into the
blood.
Since peritoneal transfer is not thought to be blood flow
limited, it is unlikely that shaking could have increased PA
simply by increasing peritoneal blood flow to a fixed set of
exchanging capillaries. Given the rapid transfer rates, lym-
phatic uptake would also have a negligible effect on solute
removal.
Another possibility is that shaking decreased the diffusional
resistance of peritoneal tissue by 1) shortening normal pores, 2)
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Table 2. Total, tissue, and stagnant layer resistances during
peritoneal dialysis
Resistance mm/cm3 Aqueou?
diffusion
coefficientStagnant
Total Tissue layer cm2lsec
Urea 1.7 0.47 1.2 1.38 x l0
Creatinine 2.4 0.63 1.8 0.85 X lO
L-[l-'4C}
Glucose 2.9 0.71 2.2 0.67 x iO
increasing the number of normal pores by opening new pores or
perfusion of new exchanging areas, or 3) opening very large
pores, presumably due to damage to the peritoneal membranes.
It does not appear that the enhanced transport occurred via the
opening of large pores since protein transport increased by only
50% with shaking and the absolute increase in PA of protein
was only a trivial fraction of the increase in PA of the smaller
solutes. Treatment with cytochalasin D, a compound that
disrupts microfilaments and increases peritoneal permeability
to protein, produced only a 60% increase in urea clearance
despite a sixfold increase in protein clearance [2]. The possibil-
ity that shaking increased the number or shortened the length of
normal diameter pores cannot be excluded with complete
certainty. However, shaking caused no persistent increase in
the resistance of peritoneal tissue as evidenced by similar
transfer rates in stationary animals that had been vigorously
shaken for 20 minutes immediately prior to the instillation of
dialysis fluid versus stationary animals that had not been
shaken. It seems unlikely that appreciable changes in the length
or number of pores or the perfusion of peritoneal tissue would
be reversible immediately upon cessation of shaking.
Thus, the most likely possibility is that shaking increased
peritoneal transfer simply by enhanced stirring of peritoneal
fluid. Such stirring could have reduced the thickness of a
stagnant layer overlaying a constant area of exchanging tissue
and/or brought peritoneal fluid into contact with peritoneal
surfaces that were totally inaccessible in control animals (that
is, elimination of an infinitely thick stagnant layer). Studies with
a more viscous dialysis fluid support the importance of the
thickness of the stagnant layer as opposed to accessibility to an
increased surface area of peritoneal tissue. When the viscosity
of dialysis fluid was increased about 20-fold via the addition of
guar, the PA's of animals shaken at 250 RPM's were reduced to
about 1/2 that observed with less viscous fluid. Presumably,
both fluids would have been distributed to a roughly equal area
during shaking and the greater transfer rate with the less
viscous fluid should be attributable to a "thinner" stagnant
layer.
Assuming that shaking totally eliminated stagnant layer re-
sistance, the resistance of rapidly shaken animals represents the
resistance of the tissue barrier. Stagnant layer resistance then
can be calculated from total resistance (resistance in stationary
animals) minus tissue resistance (resistance in shaking animals).
The resistance of the stagnant layer represented about 3/4 of the
total resistance to absorption of all three probes (Table 2).
These calculations may overestimate tissue resistance since
there could have been some blood flow limitation to uptake with
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Fig. 4. Models of interaction of stagnant fluid and tissue resistances
and blood flow during peritoneal dialysis. The numbers to the left of the
stagnant fluid and tissue reflect their relative resistances to transport of
small molecules. In all models, elimination of the stagnant layer by
shaking decreases the total resistance from 4 to I (the observed result).
In model A, a uniform stagnant fluid layer overlays an area of tissue
which is entirely perfused. Complete elimination of tissue resistance by
the administration of vasodilating drugs could maximally reduce resis-
tance from 4 to 3, a result which is not compatible with observed
increased in transport of greater than 50% with vasoactive drugs. B and
C represent models which could explain fourfold decreases in resis-
tance with shaking and greater than 60% decreases with maneuvers that
reduce tissue resistance. In model B, only 1/2 the exchanging tissue is
perfused in the control state and vasoactive drugs result in perfusion of
all tissue causing a reduction in total resistance from 4 to 2. In Model C,
in the control state 1/2 the exchanging tissue is exposed to peritoneal
fluid and the other 1/2 has negligible exposure (infinite stagnant layer).
A fourfold reduction of tissue resistance (from 2 to 1/2) would reduce
total resistance from 4 to 2.5.
shaking. Blood flow to the entire splanchnic bed of the rat is
reported to be about 9.5 mllmin [18]. Presumably, only a
fraction of this flow exchanges with the peritoneal cavity. Thus,
in some areas there could have been appreciable flow limitation
to the transfer of the solutes whose PA ranged from 1.4 to 2.2
ml/min with rapid shaking.
If the calculated stagnant layer resistances shown in Table 2
truly reflect an unstirred layer of water, these values should be
inversely proportional to the aqueous diffusion coefficients of
the probes (Table 2). The ratios of the observed resistances of
the stagnant layer for urea:creatine:L-[l-'4C] glucose were (1:
0.67:0.54), quite close to the ratios of the reciprocals of the
aqueous diffusion coefficients of these probes 1.0:0.62:0.48 [19].
These data are compatible with the concept that shaking
decreased the stagnant layer but do not prove this concept since
the ratio of diffusion of these solutes through tissue pores might
also be largely dependent on aqueous diffusion rate.
Since the stagnant layer appears to represent about 75% of
the total resistance to peritoneal transfer in the control state, it
follows that manipulations that influence the tissue barrier
A
3,
a Values represent aqueous diffusion coefficient at 25°C [11].
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could not decrease resistance by more than 25% (Fig. 4A).
However, it has been shown that a variety of vasoactive agents
such as dopamine 1201, isoproterenol [91, glucagon [71, and
procaine [3] increased urea clearance by about 50%.
Figures 4B and 4C depict two models of the interaction of the
tissue and stagnant layer barriers that could account both for a
greater than 50% increase in transport with manipulations that
decrease tissue resistance and a 400% increase with manipula-
tions that reduce stagnant layer resistance. The mode! in 4B
consists of a uniform thickness of stagnant layer that overlays a
peritoneal surface of which only 1/2 is perfused in the control
state. If infusion of vasoactive drugs resulted in perfusion of the
entire tissue surface, total resistance would be halved and
transport would double. Model 4C proposes that shaking elim-
inated the stagnant layer over tissue that was exchanging in the
stationary state and, in addition, created new exchanging areas
by distributing peritoneal fluid to previously inaccessible tissue,
A third possible explanation would be that administration of
vasoactive drugs increased stirring of the peritoneal fluid via
contractions of gut, abdominal wall or diaphragmatic muscula-
ture,
The 400% enhancement of peritoneal transfer induced by
shaking suggests that poor stirring of peritoneal fluid is the rate
limiting step in the diffusive movement of low molecular weight
solutes across the peritoneal surfaces of the rat. The possible
clinical relevance of this observation remains speculative. It is
not clear that there is a safe, tolerable means to induce good
stirring of peritoneal fluid during peritoneal dialysis in patients.
However, the possibility that relatively simple maneuvers like a
rocking bed or ambulation could appreciably increase the
efficiency of peritoneal dialysis seems worthy of investigation.
Reprint requests to Michael D. Levitt, M.D. ACOS for Research,
Veterans Administration Medical Center, 54th and 48th Avenue, Min-
neapolis, Minnesota 55417, USA.
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